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ABSTRACT
Developing innovative, high-performing liquid-air heat exchangers requires the use of novel materials and control
over the geometry. Polymeric pillow-plate heat exchangers are a promising technology; however, due to the inherent
flexibility of polymer films, variability in plate-to-plate spacing in these devices can lead to flow maldistribution on
the air side. In this work, a model for predicting the heat transfer performance in the presence of these effects is
developed and compared to experimental results for polymeric pillow-plate heat exchangers. The effects of variability
are severe, with heat exchangers with a 1.0-mm spacing between plates showing over 50% reduction in heat transfer
coefficient when the ratio of standard deviation to mean of the spacing exceeds 30%. The model is able to predict the
results well for such compact heat exchangers, with an average absolute deviation of 11.3%.

1.

INTRODUCTION

The development of dual-function heat pumps and the improvement of heat pump COP are two routes to achieving
reductions in the carbon footprint of thermal comfort in buildings. However, many high-performing refrigerants with
low global warming potential suffer from increased toxicity or flammability compared with conventional options.
Some of these concerns can be addressed by excluding these refrigerants from the building envelope; to do so,
efficient, indirectly coupled heat pumps are required, which in turn depend on high-performance liquid-air heat
exchangers.
Polymers have long been considered as alternatives to metals for heat exchanger construction, as they have high
corrosion resistance and low cost (Zaheed & Jachuck, 2004). Although polymers exhibit low thermal conductivities,
their ready availability as thin films has enabled the design of various heat exchangers with wall thermal resistances
similar to those achievable by metal heat exchangers (Bartuli et al., 2021; Chen et al., 2016). As parity in heat transfer
performance is reached, polymeric heat exchangers become attractive due to their low cost and potential for highvolume production, including the use of roll-to-roll manufacturing methods. In addition, polymers demonstrate
significant resistance to corrosion, making them attractive in applications with corrosive working fluids.
One promising heat exchanger design that has recently been adapted to utilize polymeric materials is the pillow-plate
heat exchanger (Rutkowski et al., 2021). Pillow-plate heat exchangers show substantial potential to outperform
traditional plate heat exchangers due to their structure, which enhances heat transfer by encouraging turbulent flow
(Eldeeb et al., 2016; Piper et al., 2016) between the plates. When stainless steel is used for pillow-plate heat
exchangers, as was done by Arsenyeva et al. (2019), the plates possess a high degree of rigidity, allowing for the heat
transfer surfaces to also provide the heat exchanger structure. In contrast to this, when polymer films are used to form
the heat transfer surfaces in a pillow-plate heat exchanger, their inherent flexibility allows variation to occur in the
channel widths between the pillow plates, with some plates becoming extremely close together and large gaps forming
between others.
This variation in channel widths can lead to air-side flow maldistribution in a polymeric pillow-plate heat exchanger.
Previous investigations in the literature have shown that flow maldistribution can lead to significant decreases in heat
transfer performance (Hoffmann-Vocke et al., 2011; Zhang, 2009; Zhang et al., 2013). Therefore, modeling and
experimental efforts were undertaken to determine the effect of this channel variation on the heat transfer performance
of a liquid-air polymer pillow-plate heat exchanger.
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Figure 1: Schematic of polymer heat exchanger used for modeling with some relevant dimensions shown. In the
illustration on the left, flow of liquid is into the page

2.

MODEL DEVELOPMENT

A heat transfer model was developed to predict the performance of a polymer heat exchanger with variable spacing
between plates. To account for this variability, a flow distribution model was developed for the air side of the heat
exchanger. Figure 1 shows a schematic of the heat exchanger under investigation. The heat exchanger consists of
multiple polymer pillow plates through which a propylene glycol solution flows. Between each set of plates, there is
a gap through which air flows in cross flow relative to the glycol solution. At either end of the heat exchanger is a
frame, which is considered as an adiabatic wall. Air flowing through the end channels only transfers heat on one side.
Air flow through the heat exchanger is subject to two constraints. The first is that all the air entering the heat exchanger
must be distributed between the channels.
∑ 𝑚̇𝑖 = 𝑚̇𝑖𝑛

(1)

𝑖

The second constraint is that the pressure drop between the upstream and downstream sides of the heat exchanger
must be equal regardless of which channel the air flows through. The pressure drop through a single channel can be
broken into three components: the expansion pressure drop, the contraction pressure drop, and the pressure drop due
to flow through the channel.
𝛥𝑝𝑖 = 𝛥𝑝 = Δ𝑝𝑒𝑥𝑝,𝑖 + Δ𝑝𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑖 + Δ𝑝𝑐𝑜𝑛𝑡,𝑖

(2)

The change in pressure as flow enters and leaves a channel are referred to as expansion and contraction rather than
inlet and outlet because a given channel may experience either a contraction or expansion at the inlet depending on its
geometry and the geometry of the other channels. Each of the pressure drops can be modeled by
Δ𝑝𝑥,𝑖 = 𝐾𝑥,𝑖

𝜌𝑣 2
2

(3)

where Kx is the loss factor for that type of pressure drop. The loss factors for expansion and contraction pressure losses
are (Culham & Muzychka, 2001)
𝐾𝑒𝑥𝑝,𝑖 = (1 − 𝜎𝑖2 )2

(4)

𝐾𝑐𝑜𝑛𝑡,𝑖 = 0.42(1 − 𝜎𝑖 )2

(5)

where σ is the smaller of the ratio of the face velocity to the channel velocity or its inverse. The channel velocity can
be calculated from the mass flow rate through the channel and the channel width. The loss factor for a channel is
𝐾𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑖 =

𝑓𝐿
𝐷ℎ

(6)

where f is the Darcy friction factor and Dh is the hydraulic diameter. In this model, the channels are assumed to be
infinitely wide flat plates; thus, the friction factor is calculated using the correlation of Churchill (1977) with the
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corrected hydraulic diameter from Jones (1976). Iterative solution of Equation 2 for each channel, along with Equation
1 for the heat exchanger allows the flow distribution to be determined.
The heat transfer rate for the heat exchanger is determined by performing a series of connected energy balances. The
heat exchanger is discretized in the airflow direction due to the larger temperature change on the air side. The average
temperature of the glycol solution is used for heat transfer calculations. The energy balance for a differential control
volume on the air side is
𝑚̇𝑎,𝑖 𝑐𝑝,𝑎 (𝑇𝑎,𝑗 − 𝑇𝑎,𝑗−1 )
𝑇ℓ+,𝑗,𝑖𝑛 + 𝑇ℓ+,𝑗,𝑜𝑢𝑡
𝑇ℓ−,𝑗,𝑖𝑛 + 𝑇ℓ−,𝑗,𝑜𝑢𝑡
= 𝑈+,𝑖 𝐻𝑑𝑥 (
− 𝑇𝑎,𝑗 ) + 𝑈−,𝑖 𝐻𝑑𝑥 (
− 𝑇𝑎,𝑗 )
2
2

(7)

where the subscript a refers to the air, the subscript j refers to the node in the airflow direction, the subscript, ℓ refers
to the liquid, and the subscripts + and – designate the liquid within the pouches on either side of the air channel. Hdx
is the heat transfer area, while U is the overall heat transfer coefficient, which is calculated assuming laminar flow
between flat plates on both the air side and the liquid side. An exact solution for developing flow is used on the air
side. Conduction resistance through the polymer film is considered. For the film under investigation, the conduction
resistance is calculated to be 5.16 × 10-4 m2 K/W. The energy balance for a differential control volume on the liquid
side is
𝜌ℓ 𝑣ℓ 𝑐𝑝,ℓ 𝑤ℓ (𝑇ℓ,𝑗,𝑖𝑛 − 𝑇ℓ,𝑗,𝑜𝑢𝑡 )
𝑇ℓ+,𝑗,𝑖𝑛 + 𝑇ℓ+,𝑗,𝑜𝑢𝑡
𝑇ℓ−,𝑗,𝑖𝑛 + 𝑇ℓ−,𝑗,𝑜𝑢𝑡
= 𝑈+,𝑖 𝐻 (
− 𝑇𝑎,𝑗 ) + 𝑈−,𝑖 𝐻 (
− 𝑇𝑎,𝑗 )
2
2

(8)

where v is the velocity of the liquid flowing through the channel, wℓ is the liquid channel width, and the subscripts +
and – refer to the air channels on either side of the liquid channel. The inlet temperatures of both the air and the liquid
are specified, as are the channel dimensions. The system of equations is solved numerically using Python.

Figure 2: Schematic of wind tunnel test stand used to assess heat
transfer performance of polymeric pillow-plate heat exchangers
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Figure 3: Upper section of polymeric pillow-plate heat exchanger as installed in wind tunnel

3.

EXPERIMENTAL SETUP

A wind tunnel test stand was constructed to assess the thermal performance of the polymeric pillow-plate heat
exchanger. The test stand is shown schematically in Figure 2. The liquid side of the heat exchanger contains a 35 vol%
propylene glycol solution. The glycol is stored in a reservoir and is pumped through the loop using a centrifugal pump
(MICROPS H55102). Heat is added to the glycol with a commercially available mini hot water heater (Rheem EGSP6;
1500 W capacity). The volumetric flow rate of the glycol is measured using a turbine flow meter (FLOMEC G075;
6.0-60.0 LPM range, ±0.5% reading). Temperature of the glycol at the inlet and outlet of the heat exchanger is
measured using 3-wire Pt-100 RTDs with a 1/4” (6.35 mm) stainless steel sheath,while the pressure drop across the
liquid side of the heat exchanger is measured with a Dwyer WWDP-1 pressure transducer (0-69 kPa range, ±1% FSR).
On the air side, flow is driven and measured using a Retro Tec 300 blower connected to the downstream side of the
test stand. Temperatures are measured at the inlet and outlet using 3-wire Pt-100 RTDs in a 1/8” (3.18 mm) PTFE
sheath. On the outlet side, nine RTDs are used to measure the temperature and arithmetically averaged.
The pump is controlled by a LabJack T7 data logger, which is commanded by a Python script. The same LabJack
device is used to read data from the flow meter and the pressure transducers. Readings are collected from the RTDs
using Measurement Computing USB-TEMP data acquisition devices, which are controlled by a Python script.

3.1.

Test Procedure

To assess the heat transfer performance of a polymeric pillow-plate heat exchanger, the heat exchanger is installed in
the wind tunnel. A temporary frame is constructed around the heat exchanger to restrict airflow through the active
area of the plates, as shown in Figure 3. Glycol flow is initiated and allowed to continue until the temperature of the
glycol flowing through the heat exchanger has reached steady state. At this point, air flow is started. Once both the
glycol temperature and the air temperature reach steady state, data is collected for 10 minutes.
The heat transfer rates on the glycol and air sides of the heat exchanger are calculated as follows.
𝑄̇ = 𝜌𝑉̇ 𝑐𝑝 (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 )
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Figure 4: Overall heat transfer coefficient as a function of COV for
four plate spacings
In typical experiments, agreement between the air and glycol heat transfer rates was within 10%. For the following
calculations, the average heat transfer rate was used. With the heat transfer rate and the inlet and outlet temperatures
of both fluids known, the overall thermal conductance, UA, could be calculated using the UA-LMTD method.
𝑈𝐴 =

𝑄̇
𝐿𝑀𝑇𝐷

(10)

Finally, the available heat transfer area was used to calculate the overall heat transfer coefficient for the heat exchanger.

4.

RESULTS AND DISCUSSION

The effects of the variability in plate spacing can be seen through a modeling study in which the channel width is
varied numerically. For this study, variability was controlled by modeling the spacing between plates using a normal
distribution, with the standard deviation varied between runs. Thus, the independent variable was the coefficient of
variation (COV), defined as
𝐶𝑂𝑉 =

𝜎
𝜇

(11)

In all runs, a heat exchanger with 86 plates, a liquid flow rate of 4.3 LPM, and an air flow rate of 2.83 m3/min was
considered. Channel widths were varied between 0.5 mm and 2 mm in increments of 0.5 mm. Due to the channel
widths being drawn randomly from a normal distribution, the minimum channel width was coerced to be 10 μm for
numerical stability. Figure 4 shows the dependence of the overall heat transfer coefficient for the polymeric pillowplate heat exchanger on the coefficient of variation at four different spacings. As expected, the narrower the spacing
between plates, the higher the heat transfer coefficient. However, as the spacing between the plates decreases, the
influence of the coefficient of variation becomes more severe, with the narrowest spacings exhibiting a 50% decrease
in overall heat transfer coefficient relative to perfectly distributed channels when the COV is 0.3, while a channel
spacing of 1.5 mm shows a 50% decrease at a COV of 0.4 and a channel spacing of 2.0 mm does not show a 50%
decrease in HTC until a COV of 0.5. This is likely due to the mechanism by which increased variability decreases the
overall heat transfer coefficient. When a channel has a width that is larger than the mean, the flow rate through that
channel increases; however, due to the increased spacing, the heat transfer coefficient decreases. This results in a loss
of flow through channels with higher heat transfer coefficients and a decrease in the overall heat transfer from the heat
exchanger. Similarly, when channels that are smaller than average exist, the flow rate through these channels
decreases, resulting in lower heat transfer for the channel, and therefore, decreased heat transfer for the entire heat
exchanger. These results from the modeling effort clearly demonstrate the importance of ensuring good air-side flow
distribution, especially in compact heat exchanger designs.
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Figure 5: Comparison between modeled and experimental overall
heat transfer coefficients with 1.0 mm plate spacing
Five prototype polymeric pillow-plate heat exchangers with 1-mm plate spacing and either 43 or 86 plates were tested
in the wind tunnel setup, and the results of the experiments were compared to the model. Figure 5 shows the modeled
and experimentally derived overall heat transfer coefficients for the heat exchangers tested at air flow rates between
2.55 and 4.53 m3/min. The agreement between the model and the experiments can be assessed using the absolute
average deviation (AAD), which is
𝐴𝐴𝐷 =

𝑈𝑚𝑜𝑑𝑒𝑙,𝑘 − 𝑈𝑒𝑥𝑝𝑡𝑙,𝑘
1
∑|
|
𝑁
𝑈𝑒𝑥𝑝𝑡𝑙,𝑘

(12)

𝑘

For the prototypes assessed in this study, the AAD between the model and the experiments was 11.3%, with 83% of
the data points agreeing within 20%. It can be seen from the figure that the model tends to overpredict the experimental
results at low heat transfer coefficients and underpredict at high heat transfer coefficients. Figure 6 shows the modeled
and experimental results for one heat exchanger as a function of the inlet flow rate. As might be expected from the
overall results, the model overpredicts the heat transfer behavior at low inlet velocities and underpredicts the heat
transfer coefficient at high inlet velocities. There are two likely causes for this. The first is the 1D nature of the model,
which does not account for variations in channel spacing along the height. It was observed that the spacing could vary
in this dimension, which could lead to increased bypass flow compared to what is predicted by the model, leading to
lower heat transfer coefficients at low air flow rates. At high flow rates, the discrepancy between the model and
experiments is likely due to the morphology; pillow plates show the development of turbulent behavior at lower
Reynolds numbers than flat plate channels.
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Figure 7: Experimentally determined HTC as a function of COV of
the heat exchangers tested
Despite this discrepancy, the trends in heat transfer coefficient predicted by the model as a function of the COV of
plate spacing are demonstrated by the experiments. Figure 7 shows the heat transfer coefficient as a function of COV
for the heat exchangers tested. As in the model, there is a marked decrease in the overall HTC as the COV increases.
For an inlet velocity near 1.2 m/s, the overall HTC decreases from 35.4 W/m 2-K at a COV of 0.25 to 23.1 at a COV
of 0.42, which is a decrease of 35%. Discrepancies between the model and experiments can be attributed in part to the
plate-to-plate spacing in the experiments not necessarily being normally distributed.
In addition to the heat exchangers with 1-mm channels discussed above, a single heat exchanger with 1.5-mm channels
was tested. It was found that the flat plate model severely underpredicted the heat transfer coefficient, which is likely
for much the same reason as the underprediction of the model at high air flow rates in the heat exchangers with the 1mm channel. Accordingly, a CFD study was conducted to determine an appropriate heat transfer coefficient for the
air side. Once this was completed, the agreement between the model and experiment for that heat exchanger was
within 5% for the full range of air flow rates tested.

5.

CONCLUSIONS

A fluid flow and heat transfer model was developed to determine the effect of channel width variability on flow
maldistribution in polymeric pillow-plate heat exchangers and the consequent effects on the heat transfer performance.

Figure 6: Experimental and model HTC as a function of inlet face
velocity for a heat exchanger with a COV of 0.29
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It was found variability in the plate spacing led to substantial decreases in the overall heat transfer coefficient for the
heat exchanger; for channel widths of 1.0 mm or less, a COV of 0.3 resulted in a 50% decrease in the heat transfer
coefficient. Several heat exchangers with 1.0-mm plate spacing were tested in a wind tunnel, and it was found that the
model was able to predict the performance of these heat exchangers with an AAD of 11.3%. The model tended to
overpredict the experimental performance at low air flow rates and underpredict at high air flow rates, which was
likely a consequence of differences between the modeled and actual geometry. This could be seen in particular for a
heat exchanger with 1.5-mm plate spacing, for which the flat-plate model severely underpredicted the experimental
results, but a CFD-derived model predicted them accurately. Further investigation into this area can lead to
improvements in performance of compliant heat exchangers, leading to novel designs that enable new technologies.

NOMENCLATURE
COV

coefficient of variation

(-)

cp

specific heat capacity

(J/kg-K)

Dh

hydraulic diameter

(m)

dx

node length

(m)

f

Darcy friction factor

(-)

H

channel height

(m)

K

loss factor

(-)

L

channel length for air

(m)

𝑚̇

mass flow rate

(kg/s)

p

pressure

(Pa)

𝑄̇

heat transfer rate

(W)

T

temperature

(°C)

U

overall heat transfer coefficient (W/m2-K)

UA

thermal conductance

(W/K)

𝑉̇

volumetric flow rate

(m3/s)

v

velocity

(m/s)

w

channel width

(m)

Subscript
a

air

channel

channel

cont

contraction

exp

expansion

i

channel index

in

inlet

j

node index
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ℓ

liquid

out

outlet

x

loss factor type

+

liquid/air channel on one side

-

liquid/air channel on one side

Greek
ρ

density (kg/m3)

σ

velocity ratio, standard deviation
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